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Abstract 
In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 
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1. Introduction 
Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge
of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 
On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 
Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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1. Introduction 
The challenges faced by today’s manufacturing industries 
are fueled by the increased product variety, rapid changes in 
technology, reduced time-to-market and shortened product life-
cycle [1]. To cope up with the reduced time-to-market, firstly, 
it is important to achieve reduced time-to-volume i.e. to 
advance from the conceptual phase to full-volume production 
with increased thrust. During the conceptual phase, it is not 
uncommon for manufacturing industries to produce prototypes 
for purposes such as testing and validation of product, process 
and resource design. As it is crucial to achieve a successful 
transition from design phase to time-to-volume, it is essential 
to use pilot lines to identify potential disturbances prior to 
commissioning of the line [2]. A myriad of issues actually arise 
in early design phases and are not detected until 
commissioning; anticipating these issues before 
commissioning of production lines can ensure successful 
upscaling that can provide a competitive market advantage 
[3,4,5]. A succes ful scale-up project significantly reduces the 
time-to-market which consequently enables the industry to 
secure more reve ue by dominating the market [5]. Although a 
plethora of articles have been published pertaining to the 
identification and management of disturbances and issues that 
could be faced during the up-scaling procedure [2,6,7], there is 
still lack of a robust methodology to enable the scale-up process 
in a smooth way. To support the transition from planning phase 
to full-volume, however, simulation and modelling is identified 
as one of the enabling technologies [8,4,6].  
The concept of digital manufacturing has previously been 
found to support the manufacturing system and detect potential 
disturbances and issues affecting the line [3]. For this purpose, 
there are several commercial tools available, however, the 
underlying principles and techniques on which they function 
varies widely. In this paper, two simulation methods i.e. Virtual 
Modelling and Discrete-Event Simulation (DES) are identified 
and integrated with pilot line data to support the scale-up 
process. For several years, DES has been widely used for 
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1. Introduction 
The challenges faced by today’s manufacturing industries 
are fueled by the increased product variety, rapid changes in 
technology, reduced time-to-market and shortened product life-
cycle [1]. To cope up with the reduced time-to-market, firstly, 
it is importa t to achieve reduced time-to-volume i.e. to 
advance from the conceptual phase to full-volume production 
with increased thrust. During the conceptual phase, it is n t 
uncommon for manuf cturing dustries to produce prototypes 
for purposes such as testing and validation of product, rocess 
and resource design. As it is crucial to achieve a successful 
transition from design phase to time- o-volume, it is essential 
to use pilot lines to identify potential disturbances prior to 
commissioning of the line [2]. A myriad of issues actually arise 
in arly design phases and are not detected u til 
commissio ing; anticipating these issues before 
commissioning of production line  can ensure successful 
upscaling that can provide a competitive market advantage 
[3,4,5]. A successful scale-up project significantly reduces the 
time-to-market which consequently enables the industry to 
secure more revenue by dominating the market [5]. Although a 
plethora of articles have been published pertaining to the 
identification and management of disturbances and issues that 
could be faced during the up-scaling procedure [2,6,7], there is 
still lack f a robust methodology to enable the scale-up process
in a smooth way. To support t e tra sition fro  planning phase 
to ful -volume, however, imulation and modelling is dentified
as one of the enabling technolo ies [8,4,6].  
The c ncept of digital m ufacturing has previously been 
found to support th  manufacturing system nd detect potential 
disturbances and issues affecting the l ne [3]. For this purpose, 
there are evera  comm rcial tools ava lable, however, the 
underlying prin iples and techniques on which they fu c ion 
v ries widely. In this paper, two simulati n methods i.e. Virtual 
Modelling and Discr te-Ev nt Simulation (DES) are identified 
and integrated with pilot line ata to support th  scale-up 
process. For s veral years, DES has been widely us d for 
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supporting manufacturing industries [9]. DES finds use in 
identifying and analysing potential scale-up scenarios with 
input data from the pilot line [8]. However, as a standalone tool, 
DES does not have the capability to analyse the feasibility of 
the modelled scenarios of the future manufacturing line; this 
could potentially result in a situation where the solution offered 
through simulation might not actually be possible to realise. In 
specific, the assumption of station processing time values of 
potential production line models due to the absence of real 
system could lead to misleading results.  To overcome this 
drawback, DES software module can be integrated with a 
Virtual Modelling software that models the kinematics, 
geometry and the logical behavior of the workstation resources. 
Commercially available PLM suites offer this capability to 
integrate multi-level software modules, but their 
implementation, training and license cost is exacting [10]. 
Moreover, there is requirement for the integration of 
heterogenous software tools within the overarching concept of 
digital factory [11]. 
1.1. Summary 
From the above-mentioned discussion, the key points can be 
summarized as follows: i) the use of digital software modules 
can support the upscaling phase ii) DES software, if used as a 
standalone module, is not smart enough to identify whether the 
assumed station process times for future scenarios is feasible or 
not and iii) the integration of heterogenous digital software 
modules is aligned with the concept of digital factory.  
1.2. Key contribution 
Therefore, the core benefits of this paper are twofold i) 
proposal of an approach for integration of data from Virtual 
Modelling tools with an ontology software to calculate station 
process time such that the accuracy of the DES models are 
improved and ii) supporting the transition from pilot line to 
full-scale, subsequently shortening the time-to-market. 
2. Literature review  
2.1. Digital manufacturing 
The notion of using simulation tools for manufacturing is 
not a new one. The software tools differ in their method and 
level of detail with which they model the system. This review 
briefly touches on production line modelling, namely Discrete-
Event Simulation and workstation modelling referred to as 
Virtual Modelling. 
 
2.1.1 Difference between DES and Virtual Model 
 
Amongst the available tools for modelling the production 
line for operational research, Discrete-event Simulation is 
identified to be the most popular one [12,13] . Conventionally, 
DES is used for operational phase analysis, but its benefits can 
be exploited during the early stages of production as well [14]. 
The benefits of employing DES during early design stage 
include layout planning, material handling design, etc. and 
during the operational phase for scheduling and operational 
policies, and real-time control. However, in DES, analyses are 
performed by modelling the system with higher level of 
abstraction with the process and workstation level detail not 
included in the model; the focus is on detailing the production 
line and product flow. On the other hand, Virtual Modelling 
tools are used to model and analyse the system at the 
workstation or machine-level. They encompass information 
about the kinematic model (geometry and joint), behavior 
model (transition and states) and the reference coordinate 
system [3]. Moreover, they can be used to analyse ergonomics, 
collision detection, validation of PLC codes and design 
planning [11].  
 
2.1.2 Benefits of integrating DES and Virtual Model 
 
The primary benefit of integrating the Virtual Modelling 
tool with DES is to support the production-line level model in 
DES with the workstation-level details such as station 
processing times, breakdown information, robot motion time, 
human performance modelling, energy consumption and layout 
modifications [15,11].  
Several commercial PLM suites have software modules that 
perform Virtual Modelling and DES. Additionally, these 
modules are present on an integrated platform that supposedly 
allows the sharing of data in a seamless way and thereby 
realizing the integration of Virtual Models and DES models. 
Although PLM tools have this capability, the tools are not 
affordable for SMEs due to i) cost of training and license ii) 
cost of changing infrastructure to adapt to the PLM 
environment iii) replacing any existing specialized software 
with the PLM toolset and the cost of implementation of PLM 
[16,17]. Moreover, from the view of digital factory, it is 
difficult to integrate PLM tools with heterogenous software and 
databases [18].  
2.2. Summary 
An analysis of articles about digital manufacturing indicates 
the following: i) quantification of the benefit of integrating 
heterogenous digital tools and ii) the lack of knowledge on the 
benefits and the procedure for integration of Virtual Modelling 
with DES to successfully support smooth transition from 
planning to full-volume. Therefore, in this research study, the 
authors propose an approach to support the transition from pilot 
phase to full-scale production by leveraging the integration of 
Virtual Modelling tool and DES. 
3. Methodology 
The research presented in this paper is primarily aimed at 
upscaling of assembly systems. The core idea of this research 
article is to share relevant workstation data from Virtual 
Modelling tool and the existing pilot line with an ontology tool 
to generate a list of station process times. The station process 
time data is necessary for ensuring that results of DES are 
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realistic. The assumption of the process times could lead to 
situations where the models have workstation process times 
that might be too high or too low for the considered workstation 
configuration which could adversely affect the simulation 
results. The information sharing between the different tools is 
achieved using common database. From Fig 1, the common 
database model is a centralized database model which has been 
created in a way to support the integration of different software 
modules. In this paper, a common database scheme was 
designed to store the Virtual Model information in 3 tables: 
Product, Process and Resource. Each table has columns to 
represent the considered parameters and their respective IDs. A 
relational mapping between the Virtual Model and ontology 
classes facilitates provision of data for query and inserts the 
calculated results back into the tables. The common database 
model allows automating the integration between the virtual 
modelling software, ontology software and DES. The key 
concepts of the methodology can be explained as i) integration 
of Virtual Model with Ontology and ii) station process time 
calculator.  
3.1 Integration of Virtual Model with Ontology 
Virtual Modelling tools have capability to store 
information about product, process and resource at the 
workstation level; this information can also be shared with 
other tools. Within the context of this paper, a manufacturing 
resource comprises of system, station and component with 
increasing level of detail. A component is defined as the basic 
unit of a system that can be sub-divided into elements [19]. As 
an example, a robot can be considered as a component and the 
drives and motors of this component are the elements. The data 
from the existing pilot line serves as the crucial input for 
creating the Virtual Model. Table 1 shows the data intended to 
be used by the ontology model. 
It is important to note that a significant proportion of this 
data is obtained from the existing pilot line. The task types are 
decomposed as shown in Table 1, however, the inspection and 
testing operations are not included within the scope of this 
research [20]. The axis of motion of the system resources in the 
existing line essentially enables removing components that 
have less axis of motion from future workstation 
configurations. This helps eliminating options that have less 
productivity than the existing components in pilot line, with the 
underlying assumption that an increase in the axis of motion, 
i.e. from a 3D gantry to six-axis robot, increases the 
productivity.  
Ontology is defined an explicit specification of a 
conceptualization and the development of ontology enables the 
sharing of common understanding of a domain between people 
and application systems [21]. The idea behind the use of the 
ontology model is that the process parameters, task type, 
 
Fig. 1. Methodology. 
Table 1: Input data for ontology 
Data type Description 
Workpiece 
attributes 
Product features that are necessary to filter system 
resources that can perform the assembly. 
Task type Five types of tasks are considered: move, hold, transport, 
feed and join.  
No. of tasks The number of tasks that are performed in a workstation. 
No. of 
cycles 
The total number of cycles to perform an operation at the 
workstation. 
Sub-tasks The sub-task corresponds to the specific actions that are 
executed to achieve a task  
Process 
parameters 
Process parameters represent the accuracy, repeatability, 




The dimensions of the workstation that helps determine 
the available space to configure the workstation. 
Axis of 
motion 
The degree of freedom of the ‘current resources’ that are 
used in the pilot line/virtual model 
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number of tasks, axis of motion and station footprint data can 
be used to filter an available catalogue of assembly equipment 
to find those that meet the requirements. In this paper, the 
software protégé [22] is used to define the ontologies and three 
classes, namely product, process and resource as shown in Fig. 
2. Three types of assembly components are considered within 
the scope of this paper: actuator, manikin and robot. Although, 
the proposed approach is suitable for all the assembly 
components and task type considered, this research article will 
focus on the ‘move components’ and ‘hold components’. A 
catalogue of components can be created, either in the database 
or protégé, which consists of potential assembly equipment that 
are at the disposal of the industry.   
Following the definition of ontology, a query operation 
using SPARQL on the generated equipment list will enable 
identifying the components that can i) perform the required 
number and type of tasks ii) fit within the available workspace 
iii) able to satisfy the process parameters and iv) have the 
required axis of motion. From the resulting list of components, 
the next step is to calculate processing time of the workstation 
when the selected components are used. Essentially, the station 
process time is expected to vary with component and the 
method of calculation is explained in the next section.  
3.2 Station process time calculator 
The station process time calculator (Fig 3) considers the type 
of task, either ‘move’ or ‘hold’, and the selected components 
for each are listed as [M1, M2 . . . Mn] and [H1, H2 . . . Hk], where 
‘n’ is the total number of selected components for ‘move’ task 
and ‘k’ is the total number of selected components for ‘hold’ 
task. From Fig 3, the ‘sub-task level’ shows the sub-tasks 
performed for a pick and place operation, wherein two tasks 
‘move’ and ‘hold’ are involved. The information in the sub-
task level are acquired from the virtual model. The motion 
times for the sub-tasks of each of components [M1, M2 . . . Mn] 
and [H1, H2 . . . Hk] are calculated with data from different 
sources: physics-based model of the component that can 
calculate the motion time, experience-based motion time, 
machine-learning from previous projects, motion time from 
component datasheet or from virtual modelling software. 
Additionally, it is important to understand the distance that 
actuators are displaced by during the ‘move’ and ‘hold’ tasks 
to calculate the motion time. Essentially, the product 
dimensions, design and constraint details can be translated to 
dimensional values in the Virtual Model that provides the 
necessary data for actuator displacement distance.  The letters  
 
‘j’ and ‘m’ represent the total number of sub-tasks for the 
‘move’ task and ‘hold’ task respectively. The motion times of 
the sub-tasks for component M1 is represented as [t1motion,M1, 
t2motion,M1. . . tjmotion,M1] and the motion times of sub-tasks for 
component H1 is represented as [t1motion,H1 , t2motion,H1 . . . 
tmmotion,H1].  Similarly, the motion time of the sub-tasks for each 
of ‘n’ components for ‘move’ task and ‘k’ components for 
‘hold’ task can be calculated. Following the calculation of 
motion time, the cycle time for the components performing 
‘move’ task and ‘hold’ task can be calculated using Equations 
1 and 2 respectively. To find the total cycle time, tcycle, the cycle 
time for the ‘move’ task and ‘hold’ task should be added 
together. Therefore, each of the component performing ‘move’ 
task will be added with each of the component performing 
‘hold’ task that will result in n*k cycle time values. This is then 
multiplied with the total number of cycles per operation, Nrcycle, 
to obtain the station processing time, trstation. It is assumed that 
𝑡𝑡�����












Fig. 2. Ontology definition in protégé. 
 
Fig. 3. Station process time calculation. 
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each station performs one operation and the total number of 
stations is represented as Nstation and ‘r’ is an index that 
represents the station number. This list of station processing 
times for each operation performed in the production line is 
stored in the common database and readily available for 
performing analyses in DES. Typically, in DES software, the 
station process time is a parameter that does not have any rules 
to determine whether the time is a feasible one or not. 
Integration with the database allows only the verified time 
values to be used in DES and subsequently improves the 
accuracy of the model. There is a choice of different station 
process time values stored in the database for each workstation 
and it provides the user the flexibility to choose process time 
according to certain criteria. 
4. Case study 
The proposed methodology is applied to a battery module 
assembly case. The station that is considered is the ‘cell loading 
station’, where ‘18650 battery cells’ are picked up by a three- 
axis gantry with vacuum gripper and placed in a battery 
module. The station model is created in a virtual modelling 
toolset called ‘VueOne’ developed in the Automation Systems 
Group, University of Warwick. The software has two platforms 
that enable creation and definition of the component and 
station. The components such as gripper and gantry unit are the 
actuators that are associated with logical behavior. On the other 
hand, the station frame is considered as non-control component 
due to the absence of a logical behavior. 
The model that is created in VueOne and the process 
sequence of the sub-tasks are shown in Fig. 4. The coloured 
boxes represent the ‘move’ sub-tasks and the white boxes 
represent the ‘hold’ sub-tasks. In this example, the number of 
‘move’ sub-tasks ‘j’ equals 8 and the number of ‘hold’ sub-
tasks ‘m’ equals 2. The data from Virtual Model are 
represented in Table 2.  
To demonstrate the methodology, potential components 
were queried from the VueOne component library to identify 
those components that meet the requirements in Table 2. For 
the ‘move’ task, a total of nine gantries were queried and four 
were found suitable. For the ‘hold’ task, a total of 53 grippers 
were queried and nine were found suitable. 
4.1 Cycle time calculation 
The motion time for the ‘move’ task is calculated for the 
four selected gantries. The gantries should perform ‘eight’ sub-
tasks, the motion time of which is obtained from the gantry 
datasheets. A summation of the motion time results in four 
cycle time values. Similarly, the ‘hold’ task comprises of ‘two’ 
sub-tasks, the motion times are calculated from the gripper 
datasheet and summed up to obtain nine cycle time values. This 
results in ‘four’ cycle time values for the gantries and ‘nine’ 
cycle time values for the grippers. The total cycle time is 
calculated by adding the ‘move’ and ‘hold’ cycle time values 
for identified components which results in a total of ‘36’ cycle 
time values which are illustrated in the plot in Fig. 5. This 
provides decision support for choosing the best combination of 
components depending on the cycle time requirements. For 
example, from Fig. 5, the combinations 21, 22 and 27 have very 
less cycle time values and could be considered as candidates 
for the new workstation configuration. Since for considered 
case, the operation has 100 cycles, the cycle time values are 
multiplied by 100 to obtain the station processing time values. 
 
Fig. 4. Model in VueOne with process sequence. 
 
Fig. 5. Case study results. 
Table 2: Data from Virtual Model 
Data type Values 
Working range required (in mm) X Y Z 
750 450 300 
Workspace availability required (in mm) 2000 1500 1000 
Positioning accuracy required (in mm) 0.5 0.5 1 
Number of cycles 100 
Axis of motion 3 
Drive type Electric 
Payload (in gram) 45 
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4.2 Integration with DES 
The resulting station process time values are stored in the 
common database. The line level model of the pilot line is 
created in DES using the commercially available tool provided 
by Lanner group called ‘Witness’. The pilot line consists of 
eight workstations and the process time for seven workstations 
are assumed, whereas for workstation 1 which is the test case 
of cell loading station, the process time values are retrieved 
from the common data base using ‘in-built’ functions available 
in ‘Witness’. Thereby, the cell loading station has more 
realistic process-time values that are obtained by the 
integration between VueOne and protégé. The station process 
time data can be linked with other decision supporting criteria 
such as cost, machine breakdown information etc. for multi-
criteria decision making. 
5. Future work and discussion 
The proposed methodology is demonstrated for a pick and 
place operation, but it can be extended to other types of 
operations as well. Although the primary focus in this research 
was calculation of the cycle time of ‘actuators’ like gantry and 
grippers, the methodology is applicable for robots and digital 
human models. Additional work will be done to apply the 
proposed methodology to robotic stations and manual 
workstations. The methodology primarily targets improving 
the functionality of the existing stations by replacing the 
components. However, the changes in layout configuration of 
the workstations are not considered. The authors plan to 
perform further analysis in DES by incrementing the station 
quantity and performing layout modifications and integrating it 
with the workstation level analysis achieved in this paper. This 
will provide a holistic view of the scale-up from workstation as 
well as production line level. One major limitation of the 
approach is that the motion time values from data sources in 
Fig. 3, may not be accurate. Moreover, for simple processes the 
calculations for cycle and process time performed in this paper 
can be approximated to be close to the real, however, for 
complex processes this may not be the case. More work needs 
to be done in this area to enrich the data sources in Fig. 3 with 
better and realistic component motion time values by 
employing machine learning techniques.  
6. Conclusion 
     This article presents an approach to demonstrate the 
integration of a virtual modelling tool with an ontology model 
to calculate the station process time. Additionally, the common 
database stores the station process time which can be accessed 
by the DES software as and when necessary. This essentially 
improves the accuracy of the DES model with more realistic 
time values that are significant to perform meaningful 
production line analysis. Therefore, the integration of 
workstation level model using Virtual Modelling software with 
a line-level model using DES software is proposed to support 
the upscaling process. It is envisioned that the decision-support 
provided by the methodology can significantly reduce the time-
to-volume and ultimately result in cost and time savings. 
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